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Description
CROSS-REFERENCE TO RELATED APPLICATION AND CLAIM OF PRIORITY

[0001] This application claims priority to Korean Patent Applications No. 10-2021-0032101 filed on March 11, 2021
and No. 10-2021-0093031 filed on July 15, 2021 in the Korean Intellectual Property Office (KIPO), the entire disclosure
of which is incorporated by reference herein.

BACKGROUND
1. Field

[0002] The presentinvention relates to an anode active material for a lithium secondary battery, a method of forming
the same and a lithium secondary battery including the same.

2. Description of the Related Art

[0003] A secondary battery which can be charged and discharged repeatedly has been widely employed as a power
source of a mobile electronic device such as a camcorder, a mobile phone, a laptop computer, etc., according to
developments of information and display technologies. Recently, a battery pack including the secondary battery is being
developed and applied as a power source of an eco-friendly vehicle such as a hybrid automobile.

[0004] The secondary battery includes, e.g., a lithium secondary battery, a nickel-cadmium battery, a nickel-hydrogen
battery, etc. The lithium secondary battery is highlighted due to high operational voltage and energy density per unit
weight, a high charging rate, a compact dimension, etc.

[0005] For example, the lithium secondary battery may include an electrode assembly including a cathode, an anode
and a separation layer (separator), and an electrolyte immersing the electrode assembly. The lithium secondary battery
may further include an outer case having, e.g., a pouch shape.

[0006] Recently, as an application range of the lithium secondary battery has been expanded, the lithium secondary
battery having higher capacity and power are being developed. Particularly, silicon providing high capacity is combined
with carbon to be used as an anode active material.

[0007] However, a difference of a volume expansion ratio may occur in the silicon-carbon composite anode active
material to result in cracks in the anode active material and an exposure to the electrolyte during repeated charging and
discharging.

[0008] Accordingly, developments of an anode active material preventing cracks therein and while maintaining capacity
properties are required. For example, Korean Issued Patent Publication No. 10-1591698 discloses am anode active
material containing silicon oxide, which may not provide sufficient life-span and power properties.

SUMMARY

[0009] Accordingtoanaspectofthe presentinvention, there is provided an anode active material for alithium secondary
battery having improved power property and capacity efficiency.

[0010] According to an aspect of the present invention, there is provided a method of forming an anode material having
improved power property and capacity efficiency.

[0011] According to an aspect of the present invention, there is provided a lithium secondary battery including an
anode active material having improved power property and capacity efficiency.

[0012] An anode active material for a lithium secondary battery according to exemplary embodiments includes a
carbon-based particle including pores formed in at least one of an inside of the particle and a surface of the particle and
having a pore size of 20 nm or less, and silicon formed at an inside of the pores of the carbon-based particle or on the
surface of the carbon-based particle. A peak intensity ratio in a Raman spectrum of silicon defined by Equation 2 is 1.2
or less.

[Equation 2]
Peak intensity ratio of Raman spectrum = I(515)/1(480)

[0013] In Equation 2, 1(515) is a peak intensity of silicon in a region having a wavenumber of 515 nm-! in the Raman
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spectrum, and 1(480) is a peak intensity of silicon in a region having a wavenumber of 480 nm-1in the Raman spectrum.
[0014] In some embodiments, the peak intensity ratio in the Raman spectrum of silicon may be 1.0 or less.

[0015] In some embodiments, silicon may have an amorphous structure.

[0016] Insome embodiments, the carbon-based particle may include activated carbon, carbon nanotube, carbon nano-
wire, graphene, carbon fiber, carbon black, graphite, porous carbon, pyrolyzed cryogel, pyrolyzed xerogel and/or pyro-
lyzed aerogel.

[0017] In some embodiments, the pore size of the carbon-based particle may be less than 10 nm.

[0018] In some embodiments, the carbon-based particle may have an amorphous structure.

[0019] Insome embodiments, the anode active material may further include at least one of silicon oxide (SiOx, 0<x<2)
and silicon carbide (SiC) formed at the inside of the pores of the carbon-based particle or on the surface of the carbon-
based particle.

[0020] Alithium secondary battery includes an anode including an anode active material for a lithium secondary battery
according to embodiments as described above, and a cathode facing the anode.

[0021] Inamethod of forming an anode active material for a lithium secondary battery, a carbon-based particle including
pores that have a pore size of 20 nm or less is prepared. A silicon-based compound gas is injected to the carbon-based
particle. The carbon-based particle is fired together with the silicon-based compound gas to deposit silicon at an inside
of the pores of the carbon-based particle or on the surface of the carbon-based particle. A peak intensity ratio in a Raman
spectrum of silicon defined by Equation 2 is 1.2 or less.

[Equation 2]
Peak intensity ratio of Raman spectrum = I(515)/1(480)

[0022] In Equation 2, 1(515) is a peak intensity of silicon in a region having a wavenumber of 515 nm-! in the Raman
spectrum, and 1(480) is a peak intensity of silicon in a region having a wavenumber of 480 nm-1in the Raman spectrum.
[0023] In some embodiments, the firing may be performed at a temperature less than 600°C.

[0024] According to exemplary embodiments of the present invention, carbon-based particles may include pores. For
example, the carbon-based particle may be a porous particle including a plurality of pores. In this case, silicon may be
disposed on at least one of an inside of the pores and a surface of the carbon-based particle. Accordingly, cracks due
to a difference of volume expansion ratio between carbon and silicon during charging and discharging of the secondary
battery may be prevented.

[0025] In exemplary embodiments, a pore size of the carbon-based particles may be 20 nm or less. In this case, silicon
may be sufficiently deposited at the inside of the pores, so that the difference of volume expansion ratio between carbon
and silicon may be sufficiently reduced.

[0026] In exemplary embodiments, a crystallite size of silicon measured through an XRD analysis may be 7 nm or
less. In this case, high-capacity property of silicon may be sufficiently implemented while maintaining a sufficiently small
crystallite size. Accordingly, enhanced life-span properties may be obtained while maintaining the capacity property.
[0027] In example embodiments, a peak intensity ratio in a Raman spectroscopy of silicon may be 1.2 or less. In this
case, a ratio of an amorphous structure of silicon may be increased so that a structural stability of the anode active
material may be improved. Accordingly, improved life-span properties of the secondary battery may be obtained.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] FIGS. 1 and 2 are a schematic top planar view and a schematic cross-sectional view, respectively, illustrating
a lithium secondary battery in accordance with exemplary embodiments.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0029] According to exemplary embodiments of the present invention, an anode active material for a lithium secondary
battery including porous carbon-based particles and silicon is provided. According to exemplary embodiments of the
presentinvention, a method forming the anode active material and a lithium secondary battery including the anode active
material are also provided.

[0030] Hereinafter, the present invention will be described in detail with reference to exemplary embodiments and the
accompanying drawings. However, those skilled in the art will appreciate that such embodiments are provided to further
understand the spirit of the present invention and do not limit subject matters to be protected as disclosed in the detailed
description and appended claims.
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[0031] For example, an anode active material may include silicon and carbon-based particles. In this case, carbon
components may partially reduce or relieve a volume expansion of silicon. However, as charging and discharging of a
secondary battery may be repeated, a difference between volume expansion ratios of silicon (e.g., about 400% or more)
and carbon (e.g., about 150% or less) may be increase to cause cracks in the anode active material. As a result, the
anode active material may be exposed to an electrolyte, and a side reaction such as a gas generation may occur during
the repeated charging and discharging to deteriorate life-span properties of the secondary battery.

[0032] According to exemplary embodiments of the present invention, the carbon-based particles may include pores
in at least one of a surface and an inside of the particle. For example, the carbon-based particle may be a porous particle
including a plurality of pores. In exemplary embodiments, silicon may be formed at the inside of the pores. Thus, cracks
due to the difference in volume expansion ratios between carbon and silicon during the repeated charging and discharging
of the secondary battery may be prevented.

[0033] In exemplary embodiments, a pore size of the carbon-based particles may be 20 nm or less, preferably less
than 10 nm. If the pore size is excessively large (e.g., greater than 20 nm), the difference in volume expansion ratios of
carbon and silicon during the charging and discharging of the secondary battery may not be sufficiently reduced.
[0034] In some embodiments, a minimum value of the pore size of the carbon-based particle may be 0.1 nm.

[0035] For example, the above-described carbon-based particles may include activated carbon, carbon nanotube
(CNT), carbon nano-wire, graphene, carbon fiber, carbon black, graphite, porous carbon (micro/meso/macro porous
carbon), pyrolyzed cryogel, pyrolyzed xerogel, pyrolyzed aerogel, etc. These may be used alone or in a combination
thereof.

[0036] In some embodiments, the above-described carbon-based particles may have an amorphous structure or a
crystalline structure. Preferably, the carbon-based particles may have the amorphous structure. In this case, durability
of the anode active material may be increased to suppress generation of cracks that may be caused by the charging/dis-
charging or an external impact. Accordingly, life-span properties of the secondary battery may be improved.

[0037] In exemplary embodiments, the anode active material may include silicon formed at the inside the pores of the
above-described carbon-based particles or on the surfaces of the carbon-based particles. Thus, the difference in volume
expansion ratios with carbon may be reduced while employing high capacity properties of silicon. Accordingly, microc-
racks and the electrolyte exposure due to the repeated charging and discharging of the secondary battery may be
prevented, thereby improving life-span properties while maintaining power properties of the secondary battery.

[0038] In exemplary embodiments, the above-described silicon may have an amorphous structure or a crystallite size
of silicon measured by an X-ray diffraction (XRD) analysis may be 7 nmor less. In a preferable embodiment, the crystallite
size may be 4 nm or less.

[0039] If the crystallite size is excessively large (e.g., greater than 7 nm), cracks may easily occur in the anode active
material by, e.g., a pressing process for manufacturing the secondary battery or the repeated charging and discharging.
Further, capacity retention may be degraded, and thus life-span properties of the secondary battery may also be degraded.
[0040] The term "amorphous structure" used herein refers to a case where a shape of a single silicon located at an
inside a particle is amorphous or small within a range that a size measurement through Scherrer equation expressed
by Equation 1 from the X-ray diffraction (XRD) analysis may not be substantially implemented.

[0041] In exemplary embodiments, "the crystallite size" is a value measured by the XRD analysis. The crystallite size
may be obtained by calculating using Scherrer equation (as shown in Equation 1 below) that includes a full width at half
maximum (FWHM) obtained through the XRD analysis.

[Equation 1]

092
- BcosO

[0042] In the Equation 1 above, L is the crystallite size, A is an X-ray wavelength, B is the FWHM of a corresponding
peak, and 0 is a diffraction angle. In exemplary embodiments, the FWHM in the XRD analysis for measuring the crystallite
size may be measured from a peak of a (111) plane.

[0043] In some embodiments, in the Equation 1 above, 3 may be a FWHM correcting a value derived from a device.
In an embodiment, Si may be used as a standard material for reflecting the device-derived value. In this case, a FWHM
profile of Si over an entire 20 range may be fitted, and the device-derived FWHM may be expressed as a function of 26.
Thereafter, a value obtained by subtracting and correcting the FWHM value derived from the device in the corresponding
20 obtained from the above function may be used as B.

[0044] In some embodiments, the above-mentioned silicon may include the amorphous structure. In this case, the
crystallite size of silicon and a peak intensity ratio of a Raman spectrum, which will be described later, may be maintained
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within an appropriate range. Accordingly, enhanced life-span properties may be achieved while maintaining the capacity
properties as described above.

[0045] In some embodiments, at least one of silicon oxide (SiOx, 0<x<2) and silicon carbide (SiC) may be further
formed in the pores of the carbon-based particle or on the surface of the carbon-based particle.

[0046] In some embodiments, silicon carbide (SiC) may be not formed in the pores of the carbon-based particle or on
the surface of the carbon-based particle. For example, only silicon or silicon oxide may be formed in the pores of the
carbon-based particle or on the surface of the carbon-based particle. Accordingly, the capacity properties of the lithium
secondary battery may be improved.

[0047] Forexample, forming of silicon carbide may be suppressed by controlling a temperature and time during silicon
deposition process.

[0048] Forexample, the crystallite size of silicon included in silicon oxide may be 7 nm or less, preferably 4 nm or less.
[0049] In exemplary embodiments, the peak intensity ratio of the Raman spectrum of silicon defined as Equation 2
below may be 1.2 or less, preferably 1.0 or less.

[Equation 2]
Peak intensity ratio of Raman spectrum = I(515)/1(480)

[0050] In Equation 2, 1(515) is a peak intensity of silicon at a wavelength of 515 nm-1 in the Raman spectrum, and
1(480) is a peak intensity of silicon at a wavelength of 480 nm-1 in the Raman spectrum.

[0051] For example, 1(515) in Equation 2 may represent a ratio of silicon having a crystalline structure, and 1(480) in
Equation 2 may represent a ratio of silicon having the amorphous structure.

[0052] For example, within the above-described peak intensity ratio, the ratio of the amorphous structure in silicon
may be increased so that structural stability of the anode active material may be improved. Accordingly, enhanced life-
span properties of the secondary battery may be obtained.

[0053] In some embodiments, the anode active material may have the above-described crystallite size range and the
peak intensity ratio range of the Raman spectrum of silicon. In this case, the amorphous property of silicon may be
furtherimproved, and thus stability of the anode active material may be improved. Accordingly, an additional improvement
in the life-span properties of the anode active material may be provided.

[0054] Hereinafter,amethod of forming the anode active material for a lithium secondary battery according to exemplary
embodiments is provided.

[0055] In exemplary embodiments, carbon-based particles including pores having a size of 20 nm or less may be
prepared.

[0056] In some embodiments, an aromatic compound containing a hydroxyl group and an aldehyde-based compound
may be mixed to prepare a resol oligomer. For example, the aromatic compound including the hydroxyl group may be
phenol, and the aldehyde-based compound may be formaldehyde. The above-resol oligomer may be cured by adding
a curing agent, and the carbon-based particles including pores of 20 nm or less may be obtained after performing a
classification, a washing and a firing.

[0057] In some embodiments, an aromatic compound and a vinyl-based compound may be mixed and polymerized.
Thereafter, washing and firing processes may be performed to obtain the carbon-based particles including pores of 20
nm or less. For example, the aromatic compound may be polystyrene, and the vinyl-based compound may be divinyl-
benzene.

[0058] In some embodiments, the formation of the carbon-based particles may further include an activation process.
In this case, an activity of a pore structure of the carbon-based particles may be easily controlled.

[0059] Forexample, the activation process may include a physical activation method in which a gas having a reactivity
with carbon (a steam, carbon dioxide, or a mixed gas of steam, carbon dioxide and an inert gas) may be introduced and
heated at a temperature of 700 °C to 1000 °C.

[0060] Forexample, the activation process may include a chemical activation method in which acidic or basic chemicals
such as KOH, Na,CO,, NaOH, H3PO,, etc., may be used as an activator. The chemical activation method may be
performed at a temperature lower than that in the physical activation method.

[0061] The pore size of the carbon-based particles obtained by the above-described method may be less than 10 nm.
[0062] In exemplary embodiments, a silicon-based compound gas may be introduced into a reactor in which the
carbon-based particles are loaded and then fired to deposit silicon at an inside of the pores of the carbon-based particles
or on surfaces of the carbon-based particles.

[0063] For example, the silicon-based compound gas may include a silane gas.

[0064] In some embodiments, the firing may be performed at a temperature less than 600 °C. Within the temperature
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range, silicon may sufficiently include an amorphous structure and may be effectively deposited on the carbon-based
particles. Accordingly, enhanced life-span properties may be obtained while satisfying the ranges of the Raman peak
intensity ratio defined as Equation 2.

[0065] FIGS. 1 and 2 are a schematic top planar view and a schematic cross-sectional view, respectively, illustrating
a lithium secondary battery in accordance with exemplary embodiments.

[0066] Hereinafter, a lithium secondary battery including an anode prepared from the anode active material for a lithium
secondary battery as described above will be described with reference to FIGS. 1 and 2.

[0067] ReferringtoFIGS. 1and 2, the lithium secondary battery may include an electrode assembly including a cathode
100, an anode 130 and a separation layer 140 interposed between the cathode and the anode. The electrode assembly
may be accommodated in a case 160 together with the electrolyte to be impregnated therein.

[0068] The cathode 100 may include a cathode active material layer 110 formed by coating a mixture containing a
cathode active material on a cathode current collector 105.

[0069] The cathode current collector 105 may include stainless-steel, nickel, aluminum, titanium, copper or an alloy
thereof. Preferably, aluminum or an alloy thereof may be used. The cathode current collector 105 may be surface-treated
using carbon, nickel, titan, silver, etc.

[0070] The cathode active material may include a compound capable of reversibly intercalating and de-intercalating
lithium ions.

[0071] In exemplary embodiments, the cathode active material may include a lithium-transition metal oxide. For ex-
ample, the lithium-transition metal oxide may include nickel (Ni), and may further include at least one of cobalt (Co) and
manganese (Mn).

[0072] For example, the lithium-transition metal oxide may be represented by Chemical Formula 1 below.

[Chemical Formula 1] Li,Ni; ,M,O5,,

[0073] In Chemical Formula 1, 0.9<x<1.2, 0<y<0.7, and -0.1<z<0.1. M may be at least one element selected from Na,
Mg, Ca, Y, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, Co, Fe, Cu, Ag, Zn, B, Al, Ga, C, Si, Sn or Zr.

[0074] In some embodiments, a molar ratio or a concentration (1-y) of Ni in Chemical Formula 1 may be 0.8 or more,
preferably greater than 0.8.

[0075] A mixture may be prepared by mixing and stirring the cathode active material in a solvent with a binder, a
conductive material and/or a dispersive agent. The mixture may be coated on the cathode current collector 105, and
then dried and pressed to form the cathode 100.

[0076] The solvent may include a non-aqueous solvent. Non-limiting examples of the solvent may include N-methyl-
2-pyrrolidone (NMP), dimethylformamide, dimethylacetamide, N,N-dimethylaminopropylamine, ethylene oxide, tetrahy-
drofuran, etc.

[0077] The binder commonly known in the related art may be used. For example, the binder may include an organic
based binder such as a polyvinylidene fluoride-hexafluoropropylene copolymer (PVDF-co-HFP), polyvinylidenefluoride
(PVDF), polyacrylonitrile, polymethylmethacrylate, etc., or an aqueous based binder such as styrene-butadiene rubber
(SBR) that may be used with a thickener such as carboxymethyl cellulose (CMC).

[0078] For example, a PVDF-based binder may be used as a cathode binder. In this case, an amount of the binder
for forming the cathode active material layer may be reduced, and an amount of the cathode active material may be
relatively increased. Thus, capacity and power of the lithium secondary battery may be further improved.

[0079] The conductive material may be added to facilitate electron mobility between active material particles. For
example, the conductive material may include a carbon-based material such as graphite, carbon black, graphene, carbon
nanotube, etc., and/or a metal-based material such as tin, tin oxide, titanium oxide, a perovskite material such as
LaSrCoO3 or LaSrMnOg, etc.

[0080] In exemplary embodiments, an anode active material slurry may be prepared from the above-described anode
active material including the carbon-based particles and silicon. For example, the anode active material slurry may be
prepared by mixing and stirring the anode active material in a solvent with an anode binder, a conductive material and
a thickener.

[0081] For example, the anode binder may be a polymer material such as styrene-butadiene rubber (SBR). The
thickener may include carboxylmethyl cellulose (CMC).

[0082] For example, the conductive material substantially the same as or similar to that used in the formation of the
cathode active material layer may also be used.

[0083] Insome embodiments, the anode 130 may include an anode current collector 125 and an anode active material
layer 120 formed by coating the anode active material slurry on at least one surface of the anode current collector 125,
drying and pressing.

[0084] The anode current collector 125 may include a metal having high conductivity and improved adhesion to the
anode active material slurry and not having a reactivity in a voltage range of the battery. For example, the anode current
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collector 125 may include stainless steel, nickel, copper, titanium, or an alloy thereof, preferably copper or a copper alloy
may be used. The anode current collector 125 may be surface-treated with carbon, nickel, titanium, silver, or the like.
[0085] The separation layer 140 may be interposed between the cathode 100 and the anode 130. The separation
layer 140 may include a porous polymer film prepared from, e.g., a polyolefin-based polymer such as an ethylene
homopolymer, a propylene homopolymer, an ethylene/butene copolymer, an ethylene/hexene copolymer, an ethyl-
ene/methacrylate copolymer, or the like. The separation layer 140 may also include a non-woven fabric formed from a
glass fiber with a high melting point, a polyethylene terephthalate fiber, or the like.

[0086] In some embodiments, an area and/or a volume of the anode 130 (e.g., a contact area with the separation
layer 140) may be greater than that of the cathode 100. Thus, lithium ions generated from the cathode 100 may be easily
transferred to the anode 130 without a loss by, e.g., precipitation or sedimentation. Thus, improvements of both capacity
and life-span properties by employing the above-described anode active material may be more efficiently implemented.
[0087] In exemplary embodiments, an electrode cell may be defined by the cathode 100, the anode 130 and the
separation layer 140, and a plurality of the electrode cells may be stacked to form an electrode assembly 150 that may
have e.g., a jelly roll shape. For example, the electrode assembly 150 may be formed by winding, laminating or folding
the separation layer 140.

[0088] The electrode assembly 150 may be accommodated together with an electrolyte in the case 160 to define a
lithium secondary battery. In exemplary embodiments, a non-aqueous electrolyte may be used as the electrolyte.
[0089] Forexample, the non-aqueous electrolyte solution may include a lithium salt and an organic solvent. The lithium
salt commonly used in the electrolyte for the lithium secondary battery may be used, and may be represented by Li*X-
. An anion of the lithium salt X~ may include, e.g., F, ClI-, Br-, I, NO3~, N(CN),", BF 4, ClO,, PFg, (CF3),PF,4, (CF3)3PF3
, (CF3)4PF5, (CF3)sPF-, (CF3)gP-, CF3S057, CF3CF,S04, (CF3S0,),N-, (FSO,),N-, CF3CF,(CF3),CO-, (CF3S0,),CH-
, (SF5)3C-, (CF3S0,)3C-, CF5(CF5,)7S047, CF3C0O,, CH3CO,, SCN-, (CF3CF,S0,),N-, etc.

[0090] The organic solvent may include, e.g., propylene carbonate (PC), ethylene carbonate (EC), diethyl carbonate
(DEC), dimethyl carbonate (DMC), ethylmethyl carbonate (EMC), methylpropyl carbonate, dipropyl carbonate, dimethyl
sulfoxide, acetonitrile, dimethoxy ethane, diethoxy ethane, vinylene carbonate, sulfolane, gamma-butyrolactone, pro-
pylene sulfite, tetrahydrofuran, etc. These may be used alone or in a combination thereof.

[0091] Asiillustrated in FIG. 1, electrode tabs (a cathode tab and an anode tab) may protrude from the cathode current
collector 105 and the anode electrode current collector 125 included in each electrode cell to one side of the case 160.
The electrode tabs may be welded together with the one side of the case 160 to be connected to an electrode lead (a
cathode lead 107 and an anode 127) extending or exposed to an outside of the case 160.

[0092] The lithium secondary battery may be manufactured in, e.g., a cylindrical shape using a can, a square shape,
a pouch shape or a coin shape.

[0093] Hereinafter, preferred embodiments are proposed to more concretely describe the present invention. However,
the following examples are only given for illustrating the present invention and those skilled in the related art will obviously
understand that various alterations and modifications are possible within the scope and spirit of the present invention.
Such alterations and modifications are duly included in the appended claims.

Example 1

Preparation of carbon-based particle

[0094]

i) Synthesis of resol oligomer: Phenol and formaldehyde were mixed in a molar ratio of 1:2, and 1.5 wt% of triethyl-
amine was added, followed by a reaction at 85°C for 4 hours and at a stirring rate of 160rpm.

ii) Suspension stabilization of resol oligomer: 1 g of PVA was dispersed in a water-dispersible medium, and then
added to the above resol oligomer.

iii) Curing of the resol oligomer: 3 g of a curing agent HMTA was added, and a reaction was performed at 98° C for
12 hours and at a stirring rate of 400 rpm.

iv) Obtaining carbon material: The cured resol oligomer was classified using a sieve, and then washed with H,O.
v) Unreacted monomers and oligomers were removed from the washed resol oligomer using ethanol, and then dried.
vi) Carbonization and Activation: The dried resol oligomer was fired at 900 °C for 1 hour under a nitrogen atmosphere
while CO, gas was introduced at a flow rate of 1 L/min to induce a carbonization at 900°C.

Deposition of Silicon

[0095] Silane gas was injected into a CVD coater at a flow rate of 50 to 100 mL/min, and maintained at a temperature
less than 600 °C with a temperature raising rate of 5 to 20°C/min for about 120 to 240 minutes to deposit silicon on the
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carbon-based particles to prepare an anode active material.

Fabrication of anode

[0096] 95.5 wt% of a mixture of 15 wt% of the prepared anode active material and 80.5 wt% of artificial graphite, 1
wt% of CNT as a flake type conductive material, 2 wt% of styrene-butadiene rubber (SBR) as a binder and 1.5 wt% of
carboxymethyl cellulose (CMC) as a thickener were mixed to obtain an anode active material slurry.

[0097] The anode active material slurry was coated on a copper substrate, dried and pressed to prepare an anode.

Fabrication of Li-half cell

[0098] A lithium secondary battery including the anode prepared as prepared above method and a lithium metal as a
counter electrode (cathode) was prepared.

[0099] A lithium coin half-cell was constructed by interposing a separator (polyethylene, thickness 20 wm) between
the anode and the lithium metal (thickness: 1 mm).

[0100] The assembly of the lithium metal/separator/anode was placed in a coin cell plate, an electrolyte was injected,
and then a cap was covered and clamped. 1M LiPF6 solution in a mixed solvent of EC/FEC/EMC/DEC (20/10/20/50;
volume ratio) was used as the electrolyte. After clamping and impregnating for more than 12 hours, 3 cycles of charging
and discharging were performed at 0.1C (charge condition CC-CV 0.1C 0.01V 0.01C CUT-OFF, discharge condition
CC 0.1C 1.5V CUT-OFF)

Example 2

Preparation of carbon-based particle

[0101]

i) Polymerization inhibitors were removed from each of styrene (PS) and divinylbenzene (DVB).

ii) Thereafter, styrene and divinylbenzene were polymerized by performing an emulsion-free emulsion polymeriza-
tion. Specifically, 360 mL of distilled water, 43.2 mL of ethanol, 40 mL of styrene and 4 mL of DVB were placed in
adouble jacketed reactor equipped with a reflux condenser and stirred at 300 rpm for 30 minutes at room temperature
under a nitrogen atmosphere.

Subsequently, an aqueous solution of 0.37 g of potassium persulfate (KPS) dissolved in 50 mL of distilled water
was added to the reactor and stirred at 70° C for 24 hours at 300 rpm.

iii) Unreacted monomers and oligomers were removed from the stirred polymer using ethanol and dried.

vi) Carbonization and Activation: The dried polymer was fired at 900 °C for 1 hour under a nitrogen atmosphere
while CO, gas was introduced at a flow rate of 1 L/min to induce a carbonization at 900°C.

[0102] Ananode and a lithium-half cell were fabricated by the same method as that of Example 1 except for the method
for preparing the carbon-based particles as described above.

Examples 3 and 4

[0103] An anode and a lithium-half cell were fabricated by the same method as that in Example 1, except that carbon-
based particles having a pore size shown in Table 1 were prepared by controlling a temperature and a stirring time
during the synthesis of the resol oligomer, and controlling a firing temperature in the carbonization and activation.

Example 5

[0104] Ananode and a lithium-half cell were fabricated by the same method as that in Example 1, except for operations
as follows:

i) In the preparation of the carbon-based particles, a temperature and a stirring time during the synthesis of the resol
oligomer, and a firing temperature in the carbonization and activation were controlled to prepare carbon-based
particles having a pore size shown in Table 1.

ii) A firing temperature was 600° C in the silicon deposition.
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Comparative Example 1

[0105] An anode and a lithium-half cell were fabricated by the same method as that in Example 1, except that carbon-
based particles having a pore size shown in Table 1 were prepared by controlling a temperature and a stirring time
during the synthesis of the resol oligomer, and controlling a firing temperature in the carbonization and activation.

Comparative Example 2

[0106] Ananode and a lithium-half cell were fabricated by the same method as that in Example 1, except for operations
as follows:

i) In the carbon-based particle preparation, carbon-based particles having a pore size shown in Table 1 were prepared
by controlling a temperature and a stirring time during the synthesis of the resol oligomer and controlling a firing
temperature in the carbonization and activation.

i) In the silicon deposition, a silane gas was injected into a CVD coater at a flow rate of 100 to 500 mL/min while
being maintained at 600°C or higher for about 30 to 120 minutes at a temperature raising rate of 5 to 20°C/min to
deposit silicon on the carbon-based particles.

Comparative Example 3

[0107] Ananode and a lithium-half cell were fabricated by the same method as that in Example 1, except for operations
for preparing the carbon-based particles.

Preparation of carbon-based particles

[0108]

i) Silica (SiO,) particles having an average particle diameter of 150 nm and a pitch formed from a petroleum/coal-
based hydrocarbon residue were mixed in a weight ratio of 7:3 and mechanically stirred with high energy.

ii) The stirred mixture was fired at 900°C under nitrogen atmosphere for 1 hour.

iii) The fired mixture was stirred in 3M NaOH solution for 6 hours to remove silica.

Comparative Example 4

[0109] An anode and a lithium-half cell were fabricated by the same method as thatin Comparative Example 3, except
that, in the deposition of silicon, a silane gas was injected into a CVD coater at a flow rate of 100 to 500 mL/min while
being maintained at 600°C or higher for about 30 to 120 minutes at a temperature raising rate of 5 to 20°C/min to deposit
silicon on the carbon-based particles.

Comparative Example 5

[0110] An anode and a lithium-half cell were fabricated by the same method as that in Example 1, except that silicon
was deposited by the same method as that in Comparative Example 4.

Experimental Example

(1) Measurement of pore size of carbon-based particles

[0111] The pore sizes of the carbon-based particles prepared according to the above-described Examples and Com-
parative Examples were measured using a surface area analyzer (ASAP-2420) manufactured by Micromeritics. Specif-
ically, a maximum peak position of a Barrett-Joyner-Halenda (BJH) pore size distribution curve obtained from a nitrogen
gas sorption isotherm curve was measured using samples from Examples and Comparative Examples to measure the
pore size of the carbon-based particles.

(2) Measurement of peak intensity ratio from Raman spectrum

[0112] A Raman spectroscopy spectrum of silicon was measured using a 532 nm laser Raman spectrometer for the
anode active material prepared according to the above-described Examples and Comparative Examples. In the obtained
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Raman spectrum, a silicon peak intensity in a region having a wavenumber of 515 nm-1 and a silicon peak intensity in
a region having a wavenumber of 480 nm-! were measured. The measured peak intensities were applied to the above-

described Equation 2 to calculate a peak intensity ratio of the Raman spectrum.

(3) Measurement of amorphous property and crystallite size of silicon

[0113] Crystallite sizes of the anode active materials prepared according to Examples and Comparative Examples
were calculated using an XRD analysis and Equation 1 as described above.

[0114] Ifasilicon particle size was excessively smallto be measured through the XRD analysis, the case was designated
as amorphous.

[0115] Specific XRD analysis equipment/conditions are as shown in Table 1 below.

[Table 1]
XRD(X-Ray Diffractometer) EMPYREAN
Maker PANalytical
Anode material Cu
K-Alphal wavelength 1.540598 O
Generator voltage 45 kV
Tube current 40 mA
Scan Range 10~120°
Scan Step Size 0.0065°
Divergence slit 1/4°
Antiscatter slit 1/2°
[0116] The results are shown in Table 2 below.
[Table 2]
No. Pore Size (nm) | Peak Intensity Ratio | Crystallite Size (nm)
Example 1 9.5 0.581 amorphous
Example 2 6 0.897 4
Example 3 11 0.903 amorphous
Example 4 19 0.771 amorphous
Example 5 9 1.053 5
Comparative Example 1 20.5 1.081 6
Comparative Example 2 13 1.230 7.5
Comparative Example 3 150 0.95 amorphous
Comparative Example 4 200 1.21 25
Comparative Example 5 25 1.37 8

(4) Measurement of volume expansion ratio relative to capacity of anode active material

[0117] The lithium secondary batteries of Examples and Comparative Examples were charged (CC/CV 0.1C 0.01V
0.01C CUT-OFF). Anincreasing ratio of an anode volume after charging relative to an initial anode volume was calculated
as a percentage, and then divided by a charging capacity to evaluate a volume expansion ratio.

10
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(5) Measurement of capacity retention (life-span property) during repeated charging and discharging

[0118] The lithium secondary batteries of Examples and Comparative Examples were charged (CC/CV 0.5C 0.01V
0.01C CUT-OFF) and discharged (CC 0.1C 3.0V CUT-OFF) 50 times. A capacity retention was evaluated as a percentage
of a capacity at the 500th cycle relative to a capacity at the 1st cycle.

[0119] The results are shown in Table 3 below.

[Table 3]
No. Volume expansionratio (%)/charging capacity (mAh/g) | Capacity Retention (%)
Example 1 3.25 98
Example 2 2.5 95
Example 3 3.6 90
Example 4 3.8 90
Example 5 3.5 87
Comparative Example 1 5.8 83
Comparative Example 2 4.6 81
Comparative Example 3 7.7 80
Comparative Example 4 8.1 63
Comparative Example 5 6.9 75

[0120] Referring to Table 3, Examples where silicon was deposited on the carbon-based particles having the pore
size of 20 nm or less so that the Raman spectrum peak intensity ratio of silicon was 1.2 or less generally provided lower
volume expansion rations and higher capacity retentions than those of Comparative Examples.

[0121] In arelative aspect when comparing Examples 1 to 4 with Example 5, Examples 1 to 4 provided higher capacity
retentions than that from the case having the peak intensity ratio of the Raman spectrum exceeded 1.0 (e.g., Example 5).
[0122] In a relative aspect when comparing Examples 1 and 2 with Examples 3 and 4, Examples 1 and 2 provided
performance greater than that when the pore size exceeded 10 nm (e.g., Examples 3 and 4).

[0123] In another aspect, Examples where silicon was deposited on the carbon-based particles having the pore size
of 20 nm or less to be amorphous or to have the crystallite size of 7 nm or less generally provided lower volume expansion
rations and higher capacity retentions than those of Comparative Examples.

[0124] In a relative aspect when comparing Examples 1 to 4 and Example 5, Examples 1 to 4 provided a higher
capacity retention than that when the crystallite size of silicon exceeded 4 nm (e.g., Example 5).

Claims

1. An anode active material for a lithium secondary battery, comprising:
a carbon-based particle comprising pores formed in at least one of an inside of the particle and a surface of the
particle, wherein a pore size of the carbon-based particle is 20 nm or less; and

silicon formed at an inside of the pores of the carbon-based particle or on the surface of the carbon-based particle,
wherein a peak intensity ratio in a Raman spectrum of silicon defined by Equation 2 is 1.2 or less:

[Equation 2]

Peak intensity ratio of Raman spectrum = I(515)/1(480)

wherein, in Equation 2, 1(515) is a peak intensity of silicon in a region having a wavenumber of 515 nm-1in the
Raman spectrum, and 1(480) is a peak intensity of silicon in a region having a wavenumber of 480 nm-1 in the
Raman spectrum.

1"
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The anode active material for a lithium secondary battery of claim 1, wherein the peak intensity ratio in the Raman
spectrum of silicon is 1.0 or less.

The anode active material for a lithium secondary battery of claim 1, wherein silicon has an amorphous structure.

The anode active material for a lithium secondary battery of claim 1, wherein the carbon-based particle includes at
least one selected from the group consisting of activated carbon, carbon nanotube, carbon nano-wire, graphene,
carbon fiber, carbon black, graphite, porous carbon, pyrolyzed cryogel, pyrolyzed xerogel and pyrolyzed aerogel.

The anode active material for a lithium secondary battery of claim 1, wherein the pore size of the carbon-based
particle is less than 10 nm.

The anode active material for a lithium secondary battery of claim 1, wherein the carbon-based particle has an
amorphous structure.

The anode active material for a lithium secondary battery of claim 1, further comprising at least one of silicon oxide
(SiOx, 0<x<2) and silicon carbide (SiC) formed at the inside of the pores of the carbon-based particle or on the
surface of the carbon-based particle.

A lithium secondary battery, comprising:

an anode comprising an anode active material for a lithium secondary battery according to claim 1; and
a cathode facing the anode.

A method of forming an anode active material for a lithium secondary battery, comprising:

preparing a carbon-based particle including pores that have a pore size of 20 nm or less;

injecting a silicon-based compound gas to the carbon-based particle; and

firing the carbon-based particle together with the silicon-based compound gas to deposit silicon at an inside of
the pores of the carbon-based particle or on the surface of the carbon-based particle,

wherein a peak intensity ratio in a Raman spectrum of silicon defined by Equation 2 is 1.2 or less:

[Equation 2]

Peak intensity ratio of Raman spectrum = I(515)/1(480)

wherein, in Equation 2, 1(515) is a peak intensity of silicon in a region having a wavenumber of 515 nm-1in the
Raman spectrum, and 1(480) is a peak intensity of silicon in a region having a wavenumber of 480 nm-1 in the
Raman spectrum.

10. The method of claim 9, wherein the firing is performed at a temperature less than 600°C.

12



EP 4 057 384 A2

FIG. 1
107 127
| —I
2 g
4/ 7/
4 -150
~-160
L1
FIG. 2

13



EP 4 057 384 A2
REFERENCES CITED IN THE DESCRIPTION
This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

KR 1020210032101 [0001] « KR 101591698 [0008]
e KR 1020210093031 [0001]

14



	bibliography
	abstract
	description
	claims
	drawings
	cited references

